Al-doped spinel LiNi 0.5 Mn 1.5 O 4 materials with different sites and contents were synthesized by rapid precipitation combined with hydrothermal treatment and calcination. The roles of Al on structural stability and electrochemical performance were studied by utilizing a series of techniques. XRD patterns indicated lower ion diffusion and no impure phased in doped samples. FT-IR and CV results reveal that Al-doped materials possess a Fd 3m space group with increased disorder and increasing amounts of Mn 3+ . SEM and TEM equipped with EDS were used to characterize the regular morphology accompanied by a complete crystal structure and homogeneous distribution of elements. The Al content at the Ni, Mn, and Ni/Mn sites was optimized to be 5%, 3% and 5% (in total), respectively. The cycling stability was considerably enhanced at an ambient temperature (25 C) and high temperature (55 C 
Introduction
Huge transformations in lifestyle and energy structures have led to the development of high-performance chemical-power sources, especially secondary batteries. Popularization of portable devices, electric vehicles and "clean" (e.g. wind, solar, tidal) energy have led to advances in secondary batteries. Lithium-ion batteries (LIBs) have become promising candidates by virtue of their outstanding energy density and cycling properties.
1,2
However, improvements in the energy density and power density of LIBs are needed to meet increasing challenges. 3, 4 According to calculations, increasing the working voltage of cathode materials is considered to be an effective route to enhancing the energy density and power density of LIBs. which promote Li + diffusion and the power density of LNMO cathode materials. However, the popularization of LNMO is impeded by the inevitable decomposition of the electrolyte and the unstable cathode/electrolyte interphase combined with continual side-reactions at high working potentials. 7 The decay in the structures and electrochemical properties is readily occurs, especially at increasing temperatures.
Aimed at current issues in the area of LNMO materials, efforts have been made to alleviate the irreversible degradation in structures and performance. The applied electrolyte, including salts, solvents and additives, has been optimized to enhance tolerance and stability in harsh electrochemical environments. [8] [9] [10] [11] [12] [13] [14] [15] More attention has been paid to solving the undesirable features of LNMO materials. Several methods have been adopted to regulate the microstructure and aggregation morphology of precursor and LNMO materials: ball milling, solid-state reaction, 17 sol-gels, 18 solvothermal synthesis, 19 template synthesis 20 and co-precipitation. 21 The precursor and LNMO can be controlled into irregular particles, nano-rods, polyhedrons and microspheres. [22] [23] [24] Meanwhile, coating modication has been shown to decrease direct contact between materials and electrolyte. As a result, electrolyte decomposition and Mn 3+ dissolution are inhibited. The coating materials used have been oxides, ferrite compounds, phosphate, uoride and fast-ion conductors. [25] [26] [27] [28] [29] [30] [31] [32] [33] Moreover, doping has been employed to adjust the compositions of LNMO, which can regulate Mn 3+ content in the matrix, and enhance the interface stability under working conditions. Nonmetallic elements, such as F and S, have been adopted to partially substitute O, strengthen the structural stability, and improve the electrochemical properties of LNMO. 34, 35 Exchanges can be made at Li sites with Na + to ameliorate the rate performance accompanied by satisfactory cycle stability. 36 The replacement of Mn by Ni in LiMn 2 O 4 can eliminate the phase transition and lower electrical conductivity. However, electrochemical and structural stability are needed, and can be improved by doping with other elements at different transition metal ion sites. 37 Metal elements with a similar ionic radius have been utilized to occupy some transition metal ion sites in the form of single or dual doping: Cr, Fe, Co, Ga, Cu, Zn, Mg, and Ti. [38] [39] [40] [41] Some elements with a larger ionic radius, such as Zr, Ru, Y, Ce, Nd and Sm, [42] [43] [44] [45] [46] have been introduced into LNMO to reinforce the stability of the structure and performance. Zhang et al. 47 studied Cr-doped LNMO cathode materials from low to high temperature prepared by a sol-gel method and calcination at 900 C. Al, with its smaller ionic radius, can diffuse readily into the crystal structures of LNMO, and exibly affects the states of Ni and Mn when doped at different sites. Xie et al. 48 analyzed the role of Al at Mn sites in LNMO obtained by co-precipitation and calcination (900 C, 20 h). Chen et al. 49, 50 explored the effect of Al in LNMO synthesized by thermopolymerization. However, few studies have focused in detail on the specic effect of Al-doping at different sites on structural stability and electrochemical performance for LNMO materials with regular morphology and polycrystalline phase.
We have shown that rapid precipitation combined with hydrothermal treatment has been shown to be a feasible method to prepare the precursor materials for LIBs with controlled morphology. 19, 51 Herein, spherical LNMO materials composed of primary particles were obtained by rapid precipitation and hydrothermal treatment as well as calcination. Al was introduced at different sites (Ni, Mn and simultaneous Ni/Mn sites) with various contents. We found that optimal doping Al at different sites promoted the structural and electrochemical stability of LNMO materials.
Experimental

Synthesis of precursors and cathode materials
All the reagents were purchased from Sinopharm Chemical Reagents and used without further purication. Normal spherical precursors Ni 0.25 Mn 0.75 CO 3 were synthesized by rapid precipitation and hydrothermal treatment according to the literature. 51 The molar ratio of (NH 4 ) 2 CO 4 and Na 2 CO 3 as mixed precipitants was set at 1 : 2. 
Materials characterization
The elemental content in the prepared LNMO materials was conrmed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using an iCAP7000 system (Thermo Fisher Scientic). Analyses of the phase structures of LNMO materials and electrodes were conducted by X-ray diffraction (XRD) with a micro-diffractometer (AXS D8 Advance; Bruker) and the corresponding lattice parameters were obtained by using the supporting soware. The order of crystal structures was conrmed by applying Fourier-transformation infrared (FTIR) spectroscopy (V80; Bruker) and KBr pellets with a controlled range (400-700 cm À1 ). The morphologies and microstructures of the prepared samples and cycled lithium anode were characterized by eld emission scanning electron microscopy (FESEM) on a S-4800 system (Hitachi) and transmission electron microscopy (TEM) on a Tecnai G2 F20 system (FEI) combined with energy-dispersive X-ray spectroscopy.
Electrochemical measurements
Cathode electrodes were fabricated by grinding active materials, conductive carbon (Super P) and binder (polyvinylidene uo-ride, PVdF) at a mass ratio of 80 : 10 : 10 with an adequate amount of N-methyl-2-pyrrolidone (NMP) for 0.5 h. The slurries obtained were spread on Al foil at a controlled thickness. The solvent was removed by drying at 120 C for 12 h under a vacuum. The dried laminates were punched into rounds (4 ¼ 14 mm), followed by pressing at 0. (Table S3 , ESI †). More importantly, the intensity ratio between the strongest (111) diffraction peak for the spinel structure to the representative (311) However, migration of transition metal ions during lithium intercalation/deintercalation may induce some undesirable structural degradation, and hamper the electrochemical performance of LNMO electrodes. Cao et al. stated that a surface-doping strategy with Al in the interstitial sites (16c) of LNMO could control the migration of transition-metal ions effectively by decreasing the number of possible routes to guarantee the stability of LNMO.
56 Therefore, Al introduced at 16d sites may help to maintain the stability of LNMO in a similar way.
Morphology information for the prepared LNMO was investigated using SEM. Fig. S1a (ESI †) reveals that Al-free LNMO materials possess regular spherical secondary particles stacked by nano primary grains with some pores on the surface, and that the size of the centers of these particles was 2-7 mm. The existing pores on the LNMO materials can promote electrolyte inltration and thus improve the electrochemical performance during redox reactions. For Al-doped LNMO samples at Ni sites, the relevant morphologies, surface characteristics and particle sizes were almost unchanged at low doping ( Fig. S1b-d, ESI †) . However, as the doping content increased to 7% at Ni sites, the obtained LNMO sample had structural cracks with incomplete spherical particles and scattered irregular granules (Fig. S1e , ESI †). These features reected excessive substitutions of Ni by Al, which led to structural instability and could subsequently induce some undesirable results. The same phenomena were observed in LNMO materials with Al-doping at Mn sites ( Fig. S1f-i, ESI †) . A doping level of <3% was benecial to synthesize spherical LNMO materials, whereas Al content of 5% and 7% led to the formation of ellipsoidal or broken spinel particles. Just like the dual-doped samples at Ni/Mn sites, the morphology of LNMO secondary particles showed change combined with breakage when the total content of Al in LNMO was >5% (Fig. 3a-d and S2 , ESI †). The SEM data stated above showed that appropriate addition of Al had a vital role in maintaining a ne morphology and good structure. Accordingly, the amount of Al should be controlled to #5% Fig. 4 . Elemental Ni, Mn and O were distributed uniformly in the spherical particles of Al-free LNMO (Fig. 4a) . The distribution of Ni and Mn in Al-doped LNMO was homogeneous. More importantly, elemental Al was dispersed homogeneously in secondary particles of the LNMO matrix within the red circle in Fig. 4b and S2 , ESI, † which demonstrated that Al-doping into the lattice of LNMO was achieved. Furthermore, TEM was employed to assess the microscopic ne structure of the LNMO materials. The chosen LNMO with 5% Al-doping at Ni/Mn sites was characterized by TEM (Fig. 5) . In the low-magnication model (Fig. 5a ), LNMO materials (LiNi 0.475 Al 0.05 Mn 1.475 O 4 ) accumulated some nano-grains. The size of the nano-crystals was nearly 50 nm, which was close to the calculated value from XRD patterns. In addition, some interparticle pores were formed due to the gathering of primary particles, which could enhance the soaking of the electrolyte in the battery system. The framed area is magnied in the highresolution model and displayed in Fig. 5b . The measured value of interplanar spacing was 0.47 nm, which was related to {111} crystal planes. High-resolution TEM demonstrated the presence of a {111} surface in dual-doped LNMO materials, which agreed well with XRD patterns. Meanwhile, the uniform distribution of elements in Fig. S4 (ESI †) was consistent with the data shown in Fig. 4 , and showed that Al-doped LNMO materials at Ni/Mn sites had been prepared.
The role of Al-doping on the electrochemical performance of spherical spinel LiNi 0.5 Mn 1.5 O 4 cathode materials was assessed. First, the redox process was studied by applying CV in 2032-type coin cells with a located potential range of 3.0-4.9 V (vs. Li/Li + ). were consistent with the above analysis on XRD and FT-IR spectroscopy. Fig. 7 The cycling properties of LNMO materials were explored at a current density of 0.5C at 25 C (Fig. 8) . Doped LNMO materials delivered relatively smaller capacities than those of undoped LNMO in the rst few cycles owing to the introduction of Al. However, LNMO without Al had distinct capacity decay with an increasing number of cycles. Aer 200 cycles, the discharge capacity was only 90.54 mA h g À1 . On the contrary, Aldoped LNMO samples displayed improved electrochemical performance with large capacity retention ratios (Fig. 8a-c) . The optimum content of Al at Ni sites was 5% (Fig. 8a) . Similarly, the ideal amount of Al at Mn or Ni/Mn sites was 3% and 5% ( Fig. 8b  and c) , respectively. Furthermore, LNMO materials doped solely by Al at Ni or Mn sites exhibited enhanced electrochemical properties in the content range 1-7%, whereas more Al (7%) in the dual-doped LNMO give rise to deteriorating cycling stability. Meanwhile, the specic capacity retention ratios in Fig. 8d further reected the stabilizing effects of Al in the LNMO matrix during cycling. The pristine LNMO sample revealed an unappealing capacity retention ratio (71%), whereas the ratio for further restrict intercalation/deintercalation behaviour. The rate performance corresponding to doped and undoped LNMO cathodes was investigated further with gradually increasing current densities (0.5, 1, 2, 5, 10 and 20C) (Fig. 9) . Fig. 9a shows that Al-doped LNMO at Ni sites had enhanced discharge capacity when the current density was >5C, which could facilitate the high power-density LIBs. Pristine LNMO materials delivered discharge capacities of 110.3 mA h g À1 at 10C and 90.7 mA h g À1 at 20C. In particular, the capacity of the 5% Al-doped sample at Ni sites reached 113.7 mA h g À1 at 10C, and 103.4 mA h g À1 at 20C. Similar patterns were discovered in Al-doped LNMO at Mn sites and Ni/Mn sites ( Fig. 9b and c) . The better doping levels of Al were 3% at Mn sites and 5% at Ni/Mn sites, respectively. Dual-doped LNMO materials had a higher discharge capacity compared with single-doped samples, especially at 5C, 10C and 20C. This discharge capacity could reach 127.3, 125.5 and 123.1 mA h g À1 accordingly. The normalized capacity ratios denoted the different discharge capacities at various current densities in relation to the initial capacity (0.5C), and provided evidence of an enhanced rate property. Adoption of Al in the LNMO boosted the ratios (i.e., improved the relevant electrochemical performance at different current densities). By contrast, direct substitution of Mn or simultaneous replacement of Ni and Mn by Al was benecial for electrochemical stability. Based on the consideration of capacity and normalized ratio, the optimal use of Al was 5%, 3% and 5%, respectively, which were consistent with the above-mentioned analysis. Undeniably, adding Al in the LNMO matrix will lower certain capacities at low current. However, the rate properties of the spherical LNMO materials could be improved because of the increased content of Mn 3+ and degree of disorder in the LNMO materials. In addition, spherical LNMO materials were tested at 55 C with a current density of 0.5C (Fig. 10) . A higher working temperature can boost ionic mobility and capacity. However, decreased stability of the electrolyte and electrolyte/cathode interface can induce undesired capacity decay and even battery failure. Moreover, the increased reactivity of Mn 3+ at increased temperatures can affect the structure of cathode materials. The prepared Al-free LNMO had a fairly obvious capacity decrease, and the reversible capacity decreased from 131 mA h g À1 at the rst cycle to 57.7 mA h g À1 at the 50th cycle.
Aer adding Al at Ni sites (Fig. 10a) , the capacity and cycling stability improved. Among the different doping levels tested, the 5% Al-doped sample delivered a good performance with a capacity of 127.8 mA h g À1 (1 st cycle) and 115.2 mA h g À1 for the 50th cycle. The same pattern was found in Al-doped LNMO at Mn sites and dual-doped LNMO at Ni/Mn sites ( Fig. 10b and  c) . The optimal content of Al for doped materials at Mn sites was 3%. The capacities were 126.8 mA h g À1 (1st cycle) and 112.6 mA h g À1 (50th cycle). Meanwhile, the amount of Al for dual-doped LNMO was chosen to be 5%, and the discharge capacity could maintain 126 mA h g À1 aer 50th cycles from the initial 111.7 mA h g À1 . The detailed cycling data are listed in Table S4 (ESI †). An insufficient amount of Al in the LNMO matrix had a limited role in retaining electrochemical stability, possibly due to the unsteady material structure. An excess of Al in the doping also negatively inuenced the performance at a higher temperature (55 C) owing to the increase of Mn 3+ and subsequent irreversible dissolution. The normalized capacity ratios for dual-doped LNMO at the 10th, 25th and 50th cycles (Fig. 10d ) and detailed data (Table S4 , ESI †) showed the practical effect of various Al-doping amounts. The relevant ratios for LNMO materials without Al were 74.12% (10th cycle), 59.08% (25th cycle) and 44.00% (50th cycle). An extremely severe capacity fade emerged, which could be attributed to the poor stability of cathode materials in this harsh electrochemical environment, and which blocked the availability of LNMObased materials. The capacity ratios could be enhanced to some extent by introducing Al at Ni and Mn sites. By contrast, the total Al content of 5% was the optimal value. The corresponding ratios were 98.25% (10th cycle), 93.65% (25th cycle) and 88.00% (50th cycle), respectively. The Al-O bonds formed by doping possessed higher bond energies than those of Mn-O bonds and Ni-O bonds, so the structure for doped LNMO could be stabilized. Meanwhile, an excess of Al in LNMO materials led to an increase in Mn 3+ , and then aggravated its dissolution, resulting in a deteriorated cycle performance.
Based on the systematic analysis of electrochemical performance on various LNMO materials, we concluded that Aldoping at Ni sites, Mn sites, or both Ni and Mn sites increased the capacity and stability of LNMO at high temperature, and the effect of Al-doping at Ni sites was better. Besides, the doped LNMO delivered relatively low capacity before 60 cycles at 0.5C, but showed enhanced capacity maintenance. Also, 3% Al-doped LNMO at Mn sites exhibited superior cycling stability. At high rates, dual-doping at Ni and Mn sites beneted the large capacity.
To better comprehend the positive role of doping Al in LNMO materials, a series of techniques was employed. EIS was applied to assess the impedance and interfacial behaviour during cycling. The EIS spectra in Fig. S7 (ESI †) and 11 comprise a semicircle (which refers to the charge-transfer resistance (R) in the high-frequency region) and a declining line related to the semi-innite Warburg diffusion impedance (W) in the lowfrequency range. The applied equivalent circuit is shown in Fig. S7e (ESI †) to t the tested spectra, and the obtained results are listed in Table S5 (ESI †). Pristine LNMO materials possessed a higher impedance (232.6 U) before cycling, whereas the doped samples had decreased values. The reduction in resistance could be ascribed to the increased disorder and Mn 3+ content in the matrix, along with the enhanced conductivity due to introduction of Al. For Al-doped LNMO samples at Ni sites, the initial values of R declined gradually with the continuously raising Al content (Fig. S5a †) . Through 200 cycles at 0.5C, the R value of the raw LNMO increased to 400 U, whereas the R values corresponding to the doped materials had various degree of diminution, especially 7% (Fig. S7d, ESI †) . Moreover, the dual-doped LNMO at Ni/Mn sites exhibited similar patterns to that of Al-doped LNMO at Ni sites (Fig. 11) . The higher content of Al in LNMO materials corresponded to smaller R values before increases in cycling (Fig. 11a) . The R values decreased apart from the sample with 7% Al in total (Fig. 11b) aer 200 cycles at 0.5C. Considering the resistance and its variation, the best content of Al in single-doped samples at Ni, Mn, and dual-doped Ni/Mn sites was 5%, 3% and 5%, respectively, in accordance with the results mentioned above. EIS data demonstrated that adopting Al to substitute Ni or Mn could strengthen structural and interfacial stability during working with more robust solid-electrolyte interfacial (SEI) layers. The cycled LNMO materials and electrodes were examined further to verify the positive effect of Al-doping. First, the electrodes before and aer cycling were selected for comparison by employing XRD (Fig. 12) (Fig. 13g and  h ). These observations offered further proof of the stabilized structure and subsequent improved electrochemical properties by introducing Al in LNMO materials.
Third, the cycled lithium anodes in LiNi 0. 53 This effect enhanced the structural and electrochemical stability of doped LNMO materials combined with integrated morphology, decreased Mn dissolution, and stable SEI layers.
Conclusions
Spherical LNMO and Al-doped LNMO materials were prepared by rapid precipitation and hydrothermal treatment followed by high-temperature calcination. The practical roles of Al-doping at different sites were studied systematically. The Al content in the LNMO matrix was optimized. Al-doping at Ni sites, Mn sites, and Ni/Mn sites enhanced the cycling and rate performance of LNMO-based cathode materials. The optimal amount of Al at Ni sites, Mn sites, and Ni/Mn sites was 5%, 3% and 5%, respectively. The cycling stability at a high temperature (55 C) could be improved signicantly with a higher capacity and capacity retention ratio. The enhanced electrochemical performance of Al-doped LNMO could be ascribed to the increasing degree of disorder of materials and the content of Mn 3+ , which increased ion and electron conductivity. The higher bond energy of Al-O also facilitated the structural stabilization of LNMO-based materials, and then reduced the irreversible dissolution of Mn. Therefore, Al-doped LNMO materials with an appropriate Al content at Ni or Mn sites exhibited outstanding performance. We demonstrated a simple and effective method to synthesize LNMO-based cathode materials for high-energy density and power-density LIBs.
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